The detailed structure of multidigit receptive fields (RFs) in somatosensory cortical areas such as the SII region has not been investigated previously using systematically controlled stimuli. Recently (Fitzgerald et al., 2004), we showed that the SII region comprises three adjoining fields: posterior, central, and anterior. Here we characterize the RF structures of the 928 neurons that were reported in that study using a motorized oriented bar that was indented into the 12 finger pads of digits 2-5. Most (81%) of the neurons were responsive to the oriented bar stimuli, and 81% of those neurons had RFs that spanned multiple digits. Furthermore, the RFs varied greatly in size, shape, and complexity. Some RFs contained only excitatory finger pads, some contained only inhibitory pads, and some contained both types of pads. A subset of the neurons (23%) showed orientation tuning within one or more pads. The RFs spread across different digits more than within individual digits, and the responsive finger pads for a given neuron tended to cluster together within the hand. Distal and lateral finger pads were better represented than proximal and medial finger pads. Furthermore, neurons in the posterior, central, and anterior SII region fields contained different proportions of RF types. These results collectively indicate that most SII region neurons are selective for different stimulus forms either within single finger pads or across multiple pads. We hypothesize that these RFs represent the kernels underlying the representation of tactile shape.
Introduction
The receptive fields (RFs) of macaque monkey peripheral nerve fibers that convey discriminative touch information from the hand are restricted to a single finger pad (Iggo, 1963; Talbot et al., 1968) . Neurons in area 3b of primary somatosensory cortex (SI) have larger RFs, some of which respond well to simple tactile stimulus features such as oriented bars (Hyvarinen and Poranen, 1978a; Warren et al., 1986; DiCarlo and Johnson, 2000) . Like the peripheral neurons, most area 3b neurons have single-digit RFs (Paul et al., 1972; Hyvarinen and Poranen, 1978b; Iwamura et al., 1983a; Chapman and Ageranioti-Belanger, 1991; DiCarlo et al., 1998) . The second somatosensory (SII) region, which receives input from SI (Friedman et al., 1980; Friedman et al., 1986; Pons et al., 1987 Pons et al., , 1992 Burton et al., 1995; Disbrow et al., 2003) , contains many neurons with multidigit RFs (Whitsel et al., 1969; Robinson and Burton, 1980a; Sinclair and Burton, 1993; Krubitzer et al., 1995) , indicating that the SII region plays an integrative role in processing information across separate digits.
The structure present within such cortical multidigit RFs has not been investigated previously in detail. For example, the precise sizes and shapes of these RFs are not known. Moreover, it is not known whether such neurons are sensitive to spatial features such as orientation. More generally, this raises a fundamental question about neurons with multidigit RFs: are they primarily processing information about local stimulus features that contact single digits, or are they integrating information about the features of large shapes that contact multiple digits? Finally, it is not known whether multidigit RF neurons in different cortical areas play different roles in processing cutaneous information (Whitsel et al., 1969; Burton et al., 1995; Krubitzer et al., 1995; . Characterization of the RF structures of single-digit and multidigit neurons is a first step in understanding how tactile shape is represented in the somatosensory cortex.
In the current study, we sampled neurons throughout the SII hand region. We mapped the RF structures of the neurons with a motorized stimulator that pressed an oriented bar onto individual finger pads of the four large fingers (digits 2-5) of the hand. With this protocol, we address three principal questions about the RF properties of SII region hand neurons. First, we quantified the sizes and shapes and degree of excitation and inhibition of the RFs. Second, we determined which finger pads were orientation tuned. Third, we extend on our previous study and quantify RF differences between the three SII region fields.
Parts of this work have been published previously in abstract form (Fitzgerald et al., 1999) .
Materials and Methods
The details of the recording methods that were used in this study have been reported previously . Briefly, we recorded from single neurons in the SII hand region of four hemispheres of two rhesus monkeys (Macaca mulatta). Thirty-five to 45 d were spent recording in each hemisphere. Single-neuron data were collected while the monkeys performed a visual detection task that maintained them in a nearly constant state of alertness. The monkeys were trained to allow their hands to be restrained during the recording sessions, because this allowed for accurate and repeatable stimulation of the digits by the motorized tactile stimulator.
This stimulator, which was described by Fitzgerald et al. (2004) , indented a small oriented bar (Altem plastic) onto individual finger pads of digits 2-5 (of the hand contralateral to the recorded hemisphere) in a randomized sequence, generating eight repetitions at each of eight, 22.5°s eparated bar orientations for the 12 finger pads of these four digits. Stimuli were presented in a pseudorandom order to minimize the time spent traveling between finger pads. After stimulating a pad with a random sequence of two repetitions of each of the eight orientations, the bar was moved to a randomly chosen neighboring finger pad. This sequence was repeated until each pad had been presented with eight repetitions of each of the eight orientations. Stimulus duration was 500 ms, with an indentation force of 10 g. The bar was approximately the width of a monkey's finger and had rounded ends; its short axis was a 90°wedge, and its long axis was circular with an 8 mm radius, effectively producing a length of ϳ7 mm.
After the recordings were completed, each monkey was deeply anesthetized and perfused transcardially. Electrode tracks, which had been marked with fluorescent dyes (DiCarlo et al., 1996) , were reconstructed in Neurolucida (MicroBrightField, Williston, VT) and AutoCAD (Autodesk, San Rafael, CA) to confirm that the recordings were made in the SII region.
Responsiveness of each neuron to the oriented bar stimuli was assessed in a two-step manner. In the first step, each of the 12 stimulated finger pads was tested for orientation tuning with a one-way ANOVA on the firing rates evoked during the 500 ms presentation of each of the eight, 22.5°separated orientations (overall p Ͻ 0.05, Bonferroni corrected for 12 comparisons). In the second step, each finger pad that did not exhibit tuning was tested for untuned excitatory or inhibitory responsiveness by pooling the data from all eight orientations and comparing the mean spontaneous firing rate (500 ms window before stimulus onset) with the mean rate evoked during the 500 ms presentation of the oriented bars (unpaired two-tailed t test, overall p Ͻ 0.05, Bonferroni corrected for up to 12 comparisons). Thus, in this two-step manner, each finger pad was classified as orientation tuned, untuned excitatory, untuned inhibitory, or not responsive, and five mutually exclusive RF types (see were created based on combinations of these four pad types comprising the 12 stimulated finger pads of a given neuron. A neuron with at least one finger pad that was orientation tuned, untuned excitatory, or untuned inhibitory was considered responsive to the oriented bar stimuli. Similarly, for a given neuron, a digit was considered responsive if it contained one or more responsive pads. The preferred orientation of each tuned pad was calculated as the mean angular vector of the eight presented orientations, in which the magnitude of each of these eight individual vectors (used to calculate the mean angular vector) was equal to the mean firing rate at its given orientation.
For the RF diagrams shown in Figures 2, 5, 7, and 8, the degree of excitation (redness) or inhibition (blueness) of each pad is normalized to the maximum deviation from the spontaneous firing rate of the 96 pad/ orientation stimulus combinations (12 pads ϫ 8 orientations ϭ 96 combinations) for that neuron. In addition, to calculate the degree of redness or blueness, we used the inverse of a sigmoid function to compress the variability of coloration intensity for pads that had evoked firing rates near 0 (spontaneous firing rate) and expand the variability between pads with greater deviations in evoked firing rate.
The analyses shown in Figures 11 and 13 , as well as the analysis of the relative location of the two most responsive pads, required rank ordering finger pads based on responsiveness. When there were ties in the ranks that confounded the results, we excluded those neurons from the particular analysis.
We classified each neuron as belonging to the SII region posterior (p), central (c), or anterior (a) field based on the subjective multiunit responses to hand-held stimuli (for details, see Fitzgerald et al., 2004) .
Results
We studied 928 SII region neurons with RFs on the hand, the same neurons studied by Fitzgerald et al. (2004) 
Type UE neurons
The most common type of neuron in the SII region was the untuned excitatory type UE. Figure 1 shows raster plots and peristimulus time histograms (PSTHs) for an example type UE central field neuron. This neuron had the following untuned excitatory pads: D2m, D2p, D3m, D3p, D4m, D4p, D5d, and D5p. Its firing rate was highest when D2p, D3m, and D3p were stimulated. It tended to give sustained responses to the indented oriented bar, and there were no significant differences in firing rate between orientations for its responsive pads. Figure 2 shows RF diagrams for a random sampling of 45 type UE neurons. Type UE neurons in each SII region field exhibited a range of RF sizes, from a single pad to multiple pads on multiple digits. In addition, the RFs varied greatly in shape, from a simple homogeneous cluster of pads (such as neurons d4 and g5 in Fig.  2 ) to complex RFs with noncontiguous clusters (such as neuron h4 in Fig. 2 ). Typically, UE neurons with multidigit RFs had different structures on separate digits, and peak firing rate was not uniform across the responsive pads. Within the 3 ϫ 4 grid of stimulated pads, most RFs show spatial gradients in firing rate (such as neurons i2 and b5 in Fig. 2 ), whereas others do not, particularly those whose pads are not contiguous (such as neurons a4 and h4 in Fig. 2) . Figure 3 shows the distribution of RF sizes for all four types of responsive neurons, measured as the number of responsive finger pads. The mean number of untuned excitatory pads for type UE neurons was as follows: p field, 5.82; c field, 6.42; a field, 5.66; overall, 5.99. All possible sizes, from 1 to 12 pads, are represented in each of the three fields. The p field exhibits a peak in the number of neurons with one-pad RFs, and the a field distribution is U-shaped, with a peak in the number of neurons with small and large RFs. The overall distribution is also U-shaped.
Type UI neurons
A less common type of neuron in the SII region was the untuned inhibitory type UI. Figure 4 shows raster plots and PSTHs for a typical type UI neuron, which in this case was from the posterior field. All 12 of the pads of this neuron were untuned inhibitory, and its firing rate was fairly similar across pads. It tended to give transient responses (with some additional sustained inhibition) to the oriented bar, becoming most inhibited during indentation and withdrawal of the bar, with slight and insignificant differences in firing rate evoked by the different bar orientations for each pad. Figure 5 shows RF diagrams for a random sampling of 45 type UI neurons. Like the type UE neurons, type UI neurons in each field exhibited a range of sizes (from small to large) and shapes (from simple to complex). Moreover, many of these neurons had different RF structures on different digits, and many showed differences in peak firing rate across pads. Within the 3 ϫ 4 grid of stimulated pads, some RFs show spatial gradients in firing rate (such as neurons f1 and f2 in Fig. 5 ), whereas others do not, particularly those whose pads are not contiguous (such as neurons h2 and b5 in Fig. 5 ). Figure 3 shows the distribution of RF sizes for type UI neurons, in which the mean numbers of pads were as follows: p field, 3.24; c field, 4.65; a field, 4.02; overall, 4.12, which are smaller than for the UE neurons. Each of the three fields exhibits a peak at small sizes (one or two pads), and the c and a fields exhibit a peak at 12 pads as well. The overall distribution contains all possible sizes (1-12 pads) and is U-shaped, with a large peak at small sizes and a small peak at large sizes. Type UE neuron raster and PSTH. Type UE neurons had only untuned excitatory finger pads. In the raster, stimulus trials are first sorted into the 12 stimulated finger pads (D2-D5, d-p) and then within each pad are sorted by the orientation of the bar (see bottom right). The bar stimulus indentation profile is also shown (bottom right). Each PSTH graph is shown below its corresponding finger pad, in which only the preferred (highest firing rate; solid line) and nonpreferred (lowest firing rate; dashed line) orientation rates are plotted after convolving these rates with a Gaussian (raw bin size before smoothing was 25 ms; Gaussian is 35.4 ms). Shown is central field neuron CL01A_14. D, Digit; d, distal; m, middle; p, proximal; p, preferred orientation; n, nonpreferred orientation; s/s, spikes per second. , with the top row of each grid representing the distal pads and the left column representing D2 (in which left-hand and right-hand receptive fields are interspersed, and right-hand receptive fields are reflected leftward). Each white square is an unresponsive pad, whereas each red square is an untuned excitatory pad. The degree of redness of each untuned excitatory pad is normalized to the maximum deviation from the spontaneous firing rate of the 96 pad/orientation stimulus combinations and represents the peak excitatory rate (preferred orientation) of each untuned excitatory pad. Within each SII region field, the neurons are arranged in ascending order based on RF size (number of pads). The receptive field diagram for type UE neuron CL01A_14 (Fig. 1 ) is framed and shown in position e2.
Type UEI neurons
A rare type of neuron in the SII region was the untuned excitatory/inhibitory type UEI. Figure 6 shows raster plots and PSTHs for an example type UEI central field neuron that had two untuned excitatory pads (D3d and D4d) and five untuned inhibitory pads (D2p, D3p, D4p, D5p, and D5m). It tended to give sustained responses to the oriented bar, with the firing rate on the untuned excitatory pads ramping upward during indentation and after the bar left the skin. For most type UEI neurons, such as the one shown in Figure 6 , there was a gradual transition from excitation in one region of the RF to inhibition in another region, with pads at intermediate locations showing intermediate properties. Figure 7 shows RF diagrams for 35 type UEI neurons. Like the other untuned neurons, the type UEI neurons in each field exhibited a range of sizes (from small to large) and shapes (from simple to complex) and tended to have different RF structures on different digits. These neurons also tended to have a peak firing rate that was not uniform within the RF, even within just the excitatory pads or the inhibitory pads of a single neuron. In addition, for many of the neurons, the peak magnitude of excitation tended to be equal to or greater than the peak magnitude of inhibition. Finally, for most type UEI RFs, the excitatory and inhibitory pads are not randomly distributed throughout the hand but instead have separate lobes (made up of one or more contiguous pads) of excitation and inhibition. Figure 3 shows the distribution of RF sizes for type UEI neurons, showing the number of UE and UI pads for each neuron independently (top row of graphs) and also showing total UE pads minus total UI pads for each neuron [bottom row of graphs; mean number of pads (UE Ϫ UI): p field, 1.00; c field, Ϫ0.09; a field, 2.39; overall, 0.82]. For the independent measures of UE and UI pads, all of the distributions have a peak at small RF sizes and decrease rapidly toward larger sizes, and the UI distributions decrease more rapidly than the UE distributions. For the UE minus UI graphs, the p and a fields, as well as the overall distribution, have the majority of neurons falling to the right of 0, illustrating that type UEI neurons tend to show greater ratios of excitatory-to-inhibitory pad counts.
Type T neurons
The fourth and perhaps most interesting type of responsive neuron had one or more orientation tuned pads (type T). Figure 8 shows RF diagrams for a random sampling of 45 type T neurons. In each SII region field, type T neurons exhibited a range of sizes and shapes, and, in general, these neurons had different RF struc- Figure 3 . Receptive field size. Shown are receptive field sizes based on the number of neurons with the given number of responsive finger pads for each of the four responsive neuron types (UE, UI, UEI, and T). For type UE neurons, the number of UE pads (red) per neuron is shown. For type UI neurons, the number of UI pads (blue) is shown. For type UEI neurons, the number of UE and UI pads are shown independently, as well as the number of UE pads minus the number of UI pads (orange). For type T neurons, the number of UE, UI, and T pads (green) are shown independently, as well as the number of T pads minus the sum of UE and UI pads (purple). The overall distribution represents the total number of neurons of the given type from all three fields. tures on separate digits. Type T neurons also tended to have peak firing rates that were not uniform across pads, either within or across each of their up to three types of responsive pads (tuned, untuned excitatory, and untuned inhibitory).
Most type T neurons had additional untuned excitatory and/or untuned inhibitory pads (Fig. 8) . Type T neurons with only tuned pads were very rare in all three SII region fields and only accounted for a total of 12 neurons (such as neurons g1 and g4 in Fig. 8 ). These 12 neurons were found only in the central (n ϭ 2) and anterior (n ϭ 10) fields, and, for most (8 of 12) of the neurons, the RF consisted of only a single tuned pad. For most type T neurons with multiple tuned pads, the tuned pads tended to cluster together (such as neuron d4 in Fig. 8 ), but this was not always the case (such as neuron i3 in Fig. 8) . Figure 3 shows the distribution of RF sizes for type T neurons, showing the number of UE, UI, and T pads for each neuron independently (top row of graphs) and also showing the number of tuned pads minus the sum of all untuned pads of each neuron (bottom row of graphs; mean number of pads [T Ϫ (UE ϩ UI)]: p field, Ϫ5.00; c field, Ϫ2.48; a field, Ϫ2.75; overall, Ϫ2.82), which demonstrates that these neurons on average had a greater number of untuned than tuned pads. For the independent measures of UE, UI, and T pads, most of the distributions have a peak at small RF sizes and decrease toward larger sizes, in which the UI distributions decrease most rapidly and the UE distributions decrease least rapidly. For the tuned minus untuned graphs, the c and a fields, as well as the overall distribution, exhibit inverted U-shaped distributions. Figure 9 shows the percentages of the five RF types in each of the three SII region fields. In each of the three fields, the exclusively untuned excitatory (type UE) neurons were the most numerous, and the type UEI neurons were the least numerous. The percentages of posterior and anterior field neurons were similar for all neuron types but differed from central neurons, which showed a relative increase in tuned (type T) neurons and decrease in not responsive (type NR) neurons. These results suggest that the central field is specialized for processing information about the orientation of features on the skin, consistent with the hypothesis that these are three separate fields that play different functional roles in tactile perception.
Distribution of receptive field types

Additional measures of receptive field size and shape
As can be seen in Figures 1-9 , RF size varied greatly across neurons in each of the three SII region fields. To further quantify this, we collapsed the data across all neuron types and examined the number of responsive finger pads and number of responsive digits for all 928 neurons, in which a digit was considered responsive if it contained one or more responsive pads. All possible sizes Figure 2 . Each blue square is an untuned inhibitory pad. The degree of blueness of each untuned inhibitory pad is normalized to the maximum deviation from the spontaneous firing rate of the 96 pad/orientation stimulus combinations and represents the peak inhibitory rate (nonpreferred orientation) of each untuned inhibitory pad. The receptive field diagram for type UI neuron CM00C_8 (Fig. 4) is framed and shown in position c5. (0 -12 pads; 0 -4 digits) were represented in each of the three SII region fields. Mean RF size for responsive neurons was largest in the central field and smallest in the anterior field, both for number of pads [posterior field, 5.66; central field, 6.27; anterior field, 5.31; one-way ANOVA, p Ͻ 0.005; central field Ͼ anterior field, Tukey's honestly significant difference (HSD) post hoc test, p Ͻ 0.005] and number of digits (posterior field, 2.81; central field, 3.08; anterior field, 2.67; one-way ANOVA, p Ͻ 0.001; central field Ͼ anterior field, Tukey's HSD post hoc test, p Ͻ 0.001). For each of the three fields, the data are not uniformly distributed across all RF sizes, because there was an overrepresentation of neurons with small and large RF sizes.
The spread of the RFs across digits for all neuron types is shown in Figure 10 , which depicts the total number of responsive pads versus digits, per neuron. Figure 10 A shows that there is a tendency for neurons with one-to three-digit RFs to have a minimal number of responsive pads (one responsive pad per digit), whereas neurons with four-digit RFs tend to have a maximal number of responsive pads (three responsive pads per digit). The abundance of large RFs observed with four-digit RFs may exist because these may include neurons with RFs covering larger portions of the hand than we were able to study with our stimulator. Figure 10 B summarizes these data and shows that there was a tendency toward maximal spreading of the RF across separate digits at lower numbers of digits and minimal spreading at higher numbers of digits. The results in Figure 10 are similar for the three SII region fields and suggest that RFs in the SII region spread more strongly across separate digits than along the same digit, consistent with the hypothesis that neurons in the SII region are involved in integrating information across digits.
In Figure 11 , we address the relationship between RF size and firing rate. This figure shows how rapidly the peak firing rate of each responsive pad decreased when the pads are rank ordered from most responsive (highest peak rate; left) to least responsive (lowest peak rate; right), in which each curve represents the average response across neurons with n ϭ 1-12 responsive pads in the given SII region field. These graphs illustrate three points. (Fig. 6 ) is framed and shown in position e5. Figure 8 . Type T receptive fields. Type T neurons had one or more orientation tuned finger pads, and most had additional untuned pads. For more details, see Figure 2 . Each red or blue square with a superimposed white bar is an orientation tuned pad. The degree of redness or blueness of each colored pad is normalized to the maximum deviation from the spontaneous firing rate of the 96 pad/orientation stimulus combinations. For untuned excitatory pads, redness represents the peak excitatory rate (preferred orientation); for untuned inhibitory pads, blueness represents the peak inhibitory rate (nonpreferred orientation); and for tuned pads, redness or blueness represents the maximum deviation from the spontaneous rate. The orientation of each white bar represents the preferred orientation (mean angular vector) of that tuned pad. As in Figures 2, 5 , and 7, both right-hand and left-hand receptive fields are plotted with D2 in the left column of each 3 ϫ 4 grid, although the preferred orientations of tuned pads are not reflected.
First, although on average, the pads are not equally responsive across the RF, the decrease in firing rate across pads tends to be fairly mild, typically showing a ratio of Ͻ3 between most responsive pad and least responsive pad. Second, neurons with large RFs tend to have higher firing rates than neurons with small RFs, especially in the central and anterior fields. Third, the firing rates tend to be highest in the central field and lowest in the posterior field, although the differences are small.
We addressed whether the relative locations of the responsive pads are randomly distributed among the four digits by analyzing the positions of the two most responsive (highest peak firing rate) pads, determining whether they were on the same digit, adjacent digits, or nonadjacent digits. If the two most responsive pads are randomly distributed among the four stimulated digits, then the chance values are as follows: 2 of 11 ϭ 0.18 for same digit; 4.5 of 11 ϭ 0.41 for adjacent digits; and 4.5 of 11 ϭ 0.41 for nonadjacent digits. The observed proportions in the three SII region fields are well above chance (posterior field, 0.30; central field, 0.29; anterior field, 0.33) for same digit, closer to chance (posterior field, 0.36; central field, 0.50; anterior field, 0.43) for adjacent digits, and well below chance (posterior field, 0.34; central field, 0.21; anterior field, 0.24) for nonadjacent digits. So at least for the central and anterior fields, the two most responsive pads tend to cluster within the same digit or on adjacent digits, suggesting that many neurons in the SII region serve an integrative function for stimuli contacting adjacent pads.
To further address how the responsive pads are distributed within and across separate digits, we next asked whether the RFs of neurons with multiple responsive pads were contiguous. An RF is defined as contiguous if all responsive pads are interconnected (within the 3 ϫ 4 grid of stimulated pads) such that no pad or group of pads is separated from the remaining group or groups by spatially intervening unresponsive pads. Chance was calculated with separate simulations based on a random distribution of n ϭ 2-12 responsive pads throughout the 12 stimulated pads. For most values of n responsive pads, a greater proportion of neurons were contiguous than expected by chance, indicating that the pads in these RFs are not distributed randomly within the hand (Fig. 12) . Nonetheless, as inspection of Figures 2, 5, 7 , and 8 illustrates, a substantial proportion of the RFs were not contiguous. The results were similar for the central and anterior field neurons, with the posterior field neurons showing less contiguity than the other two fields at small RF sizes.
Somatotopy
We also investigated whether SII region neurons are processing information from all 12 finger pads equally or whether there is a bias in how the digits are represented. The results, shown in Figure 13 , suggest that there is a bias in the anterior and central fields toward processing inputs from the lateral digits (D2 and D3) A pad was defined as responsive if it was untuned excitatory, untuned inhibitory, or orientation tuned (see Materials and Methods). A digit was defined as responsive if it contained one or more responsive pads. So every one-digit neuron could have one to three responsive pads, every two-digit neuron could have two to six responsive pads, every three-digit neuron could have three to nine responsive pads, and every fourdigit neuron could have 4 -12 responsive pads. B, Mean number of responsive pads per responsive digit for each neuron. The upper and lower bounds indicate the maximum and minimum number of pads per digit, respectively. rather than from the medial digits (D4 and D5) and that there is a bias in these two fields for processing inputs from distal rather than middle or proximal finger pads. These biases appear to be more pronounced for the best (highest firing rate) pad in the RF ( B) than for all pads in the RF ( A). These results show that the finger pads that are most commonly used in manipulating and exploring objects (D2d and D3d) may be better represented in the SII region than other finger pads.
Discussion
General receptive field properties and possible functional roles of the neurons A primary aim of this study was to characterize the RF structures of neurons in the SII region using controlled stimuli. Here we used a motorized, computer-controlled stimulator that delivered oriented bar stimuli to the immobilized hand to produce accurate RF maps of the cutaneous responses of a large number of neurons (n ϭ 928) and thereby provided an accurate representation of cutaneous responses across all three SII region fields. We demonstrate that most SII region hand neurons have RF sizes that range Figure 11 . Falloff in responsiveness. Each curve represents the mean decrease in peak firing rate (preferred orientation rate) across pads for neurons with n responsive pads (in which rate is averaged across all neurons with the given number of responsive pads in the given SII region field). n is between 1 and 12, and pads are rank ordered from highest firing rate (left) to lowest firing rate (right). Figure 12 . Contiguity. A receptive field is defined as contiguous if all of its responsive pads are interconnected (within the 3 ϫ 4 grid of stimulated pads) such that no pad or group of pads is separated from the remaining group or groups by spatially intervening unresponsive pads. Therefore, contiguity is only relevant for neurons with two or more responsive pads. Diagonally bordering pads are considered contiguous. Chance (gray dashed line) was calculated with separate simulations based on a random distribution of n ϭ 2-12 responsive pads throughout the 12 stimulated pads. from a single finger pad to those that span multiple finger pads and digits. The RFs also vary widely in complexity, from simple RFs composed of a few adjacent pads with similar response properties to complex RFs composed of combinations of tuned, untuned excitatory, and untuned inhibitory pads arrayed across multiple digits.
One possibility is that SII region neurons are responsible for coding local stimulus features and that neurons with untuned pads (types UE, UI, and UEI) serve to code tactile functions that are not orientation sensitive, such as texture (Sinclair and Burton, 1993; Jiang et al., 1997; Pruett et al., 2000 Pruett et al., , 2001 , vibration (Poranen and Hyvarinen, 1982; Burton and Sinclair, 1991; Burton et al., 1997; Romo et al., 2002) , or motion processing (Whitsel et al., 1972; Costanzo and Gardner, 1980; Warren et al., 1986; Ruiz et al.,1995) , and that neurons with tuned pads (type T) are coding local oriented features such as Braille dots.
Another more likely possibility is that the RFs serve more integrative functions within the hand. Typically, we observed that, for individual neurons, the responsive pads are not randomly arrayed across the digits, suggesting that how those pads are organized plays an important role in their function. This is supported by the data showing the following: (1) the strongest responses usually occur on the distal finger pads, in particular on digits 2 and 3, which are the pads that are most frequently used in haptic exploration; (2) the responsive pads tend to be arrayed across separate digits rather than within digits, suggesting that those pads are involved in integrating information across the hand; and (3) the responsive pads tend to be clustered together in contiguous groups and are organized as structured combinations of excitatory and inhibitory subregions arrayed across the hand. These findings demonstrate that SII region RFs are highly organized and may be extracting features of large objects touched by the hand. Our working hypothesis is that these neurons form part of a set of kernels representing major structural components of objects. This is supported by evidence showing that the SII region is important for shape perception, because many neurons in the SII region are affected by proprioceptive input Thakur et al., 2004) , and lesion studies show that ablation of the SII region impairs recognition of object shape (Murray and Mishkin, 1984) . Another major finding of this study is that many SII region neurons show orientation tuning on one or more finger pads (type T neurons), and most of these neurons contained additional untuned pads. Orientation feature selectivity has been shown to be important for representing object shape. Here we show that orientation tuning was commonly found in all three fields of the SII region. In a companion paper (Fitzgerald et al., 2006) , we analyze these responses in more detail and show that many neurons are sharply tuned and that all orientations are well represented in the population response. Furthermore, we show that the preferred orientation tends to be similar across finger pads for neurons that had multiple tuned pads. This result suggests that SII region neurons may be important for coding both local and global features of objects.
There are various possibilities as to why some type T neurons had both tuned and untuned pads. One is that, in the current study, the oriented bar stimulus was not behaviorally relevant. Previous studies have shown that a large fraction of neurons in the SII region are affected by the animal's focus of attention (Poranen and Hyvarinen, 1982; Hsiao et al., 1993; Burton et al., 1997; Fitzgerald et al., 1998; Nakama et al., 2000; Meftah et al., 2002; Chapman and Meftah, 2005) , and attending to the orientation of a bar results in enhancement of the tuning function of the neuron (Fitzgerald et al., 1998) . This suggests that the RF characteristics we report here could change significantly under behavioral conditions in which the animal was required to attend to the bar. Therefore, these RFs may only be a rough estimate of the actual processing functions of the neurons, because the untuned pads may become tuned with attention. Another possibility is that these neurons are selective for objects with both edges and flat surfaces, such as the corner of a table.
A significant limitation of the results we present here is that, for all of the responsive neurons, it is not clear how stimuli presented to multiple pads simultaneously would interact because, in the current study, we only stimulated a single finger pad at a time. Is there response summation across finger pads for these large SII region RFs, and, if so, is such spatial summation linear or nonlinear? Summation in which stimulation of multiple finger pads evokes a greater response than stimulation of any individual finger pad (even if the observed sum is less than the linear sum) would be consistent with selectivity for large (multipad) objects, whereas lack of summation may indicate selectivity for small (single pad) objects. A previous study (Nakama et al., 2001 ) in which multiple digits were stimulated, both individually and simultaneously, with oriented bars indicates that many SII region RFs do exhibit spatial summation, although often it is less than the linear sum.
Nineteen percent of all SII region neurons studied were not responsive (type NR) to the oriented bar. The most likely explanation for this is that these neurons are responsive primarily to proprioceptive input , have cutaneous responses that are modulated by hand conformation (Hsiao et al., 2002) , or these neurons are processing information from nociceptive or thermal inputs (for review, see Peyron et al., 2000; Schnitzler and Ploner, 2000; Treede et al., 2000; Duncan and Albanese, 2003) (also see Whitsel et al., 1969; Robinson and Burton, 1980c; Porter, 1987) .
The SII region and the somatosensory cortical hierarchy
The data presented in this paper are consistent with the hypothesis that the SII region comprises multiple representations , because the response properties of neurons in the three putative fields differed in many ways. A primary difference between neurons in the more cutaneously sensitive central field and those in the flanking posterior and anterior fields is unequal representation of the five RF types (Fig. 9) , particularly types T and NR. This large increase in the proportion of neurons that are tuned in the central field and corresponding decrease in nonresponsive neurons suggests that this field may be particularly important for coding cutaneous object shape. The measures of RF size, shape, and somatotopy were somewhat similar for the three fields, although the central and anterior field RFs in Figures  12 and 13 , as well as the relative location of the two most responsive pads analysis, were more similar to one another than they were to the posterior field RFs.
It is difficult to say whether the current data are more consistent with parallel processing within the SII region or instead with serial processing in which one representation provides feedforward input to another representation. The fact that the anterior and posterior fields show more similar proportions of neurons than either shows to the central field supports the hypothesis that the three fields process cutaneous information in parallel and that the anterior and posterior fields code for features that depend on proprioceptive input.
Another general question about the SII region concerns its hierarchical relationship with respect to other somatosensory cortical areas. Here we have quantitatively demonstrated that
